Abstract. The CdS/PVP fibers have been successfully prepared by electrospinning. Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and UV-Vis absorption spectra were used to characterize the structure. Results showed that the concentration of polymer solutions and the CdS amount in the solvent influenced the morphology and the diameter of the electrospun fibers. The electrospinning from CdS/PVP in ethanol produced a structure having a combination of fibers, ribbons, beads and an unexpected half hollow sphere (HHS) structure. When the weight ratio of CdS:PVP was kept at 1:1000, the morphologies of electrospun products changed from HHS, to beaded fibers and ribbons, to beaded fibers, and to bead-free fibers with the increasing of the PVP concentration.
Introduction
In the past decade, there have been increasing interests in electrospinning processes. This technique can be used to generate fiber diameters in the range of nanometer to a few micrometers from a variety of materials, such as polymers [1, 2] , inorganic complexes [3, 4] and organic/inorganic hybrid compounds [5, 6] . The fibers as non-woven fabric have been found applications in tissue engineering [7] , catalysis [8] , composite materials [9] , supercapacitors [10] , lithium-ion batteries [11] , and so on.
In electrospinning, the formation of beads, ribbons and branched fibers, etc. has been reported [12, 13] . In this process, several parameters affect the electropun phenomenon such as polymer concentration, solution viscosity, surface tension, applied voltage and tip-to-collector distance. Entov reported that the bead formation occurred as a result of instability of the polymer solution jet [14] . On the other hand, Reneker indicated that solution viscosity, surface tension and net charge density induced by the electrospinning were the main factors in the formation of beads during the formation of electrospun fibers [12] . Fong found that the formation of ribbon shaped fibers was caused by the rate of solvent evaporation [15] . Special porous fibers were prepared by Bognitzki and Caruso and the formation of the structure was related to the use of volatile solvents and rapid phase separation during the electrospinning process [2, 16] .
In this work, we introduced CdS nanorods to the Poly(vinyl pyrrolidone) (PVP) solution to prepare CdS/PVP nanofibers and investigated the effect of CdS nanorods on the formation of various morphologies.
Experimental
Poly(vinyl pyrrolidone) (PVP, M w =1,300,000) and ethanol (AR) were purchased from the Adrich Chemical Company, USA. and Beijing Chemicals Co., China, respectively. CdS nanorods (average length: 80-100 nm, width: 20 nm) were supplied by Beijing University.
The CdS/PVP solutions were prepared by dispersing CdS nanorods in ethanol under ultrasound for 2 hours, then dissolving various concentrations of PVP powder in that solution, which was stirred for 24 h at room temperature. The polymer solution was placed in a glass pipette with a diameter of 1 mm and electrospun under an electric field of 12 kV at a tip-to-collector distance of 15 cm. A copper rod as anode was inserted in the spinning solutions, and aluminum foil was used as a collector attached to the cathode of a high-voltage power supply.
The morphologies of the electrospun products were examined by a trans-mission electron microscope (TEM; Hitachi S-570, Japan) and a scanning electron microscope (SEM; Shimadzu SSX-550, Japan). UV-Vis absorption spectra were recorded through a spectrophotometer (Cary 100, Varian Corp.). The high-voltage power supply was purchased from Gamma High Voltage Supply, USA (ES 30-0.1P).
Results and discussions
UV/Vis spectra of pure PVP fibers and CdS/PVP fibers DUH SUHVHQWHG LQ )LJXUH The absorption band developed at approximately 500 nm indicated the CdS nanorods were dispersed in the PVP fibers. Figure 2 shows the SEM images of PVP nanofibers and the morphologies of micro/nano structures of the CdS/PVP composite at a different weight ratio of CdS:PVP while holding the PVP concentration at 6 wt%. Smooth fibers were obtained when the CdS nanorods were not added into the system (Fig. 2a) . When the weight ratio of CdS:PVP was 1:1000, a structure looks like half hollow spheres (HHS) was observed (Fig. 2b) . These HHS are irregular and independent with a diameter between 500 nm and 5 µm. When the weight ratio of CdS:PVP was increased to 1:500 and 1:100, the electrospun products simultaneously exhibited three morphologies: hollow beads, fibers and ribbons ( Fig. 2c and 2d ) .
The observation indicates that the amount of CdS have great effect on the morphologies of CdS/PVP electrospun products. The observed HHS are similar to those of polystyrene reported by Lee [17] . It was considered that the formation of them may be due to the combined effects of polymer, solvent and electric force applied. In the CdS/PVP system, it may be caused by the nano-effect of CdS nanorods. Since CdS is a kind of semiconductor, the charge density of CdS/PVP solution will be different from pure PVP solution under electrostatic field. At a lower CdS:PVP weight ratio of 1:1000, the CdS nanorods were well dispersed in solution. In the electrospinning process, they carried plenty of charges since the nanorods have higher specific surface area and they are semiconductors. The charges carried by the polymer decreased at the same PVP concentration and the same operating conditions. So the electrostatic forces cannot overcome the surface tension of the solution and cause the formation of HHS. The hollow may be due to rapid phase separation during the electrospinning process. The solvent rich regions are transformed into hollow. But when the weight ratio of CdS to PVP was increased to 1:500 or 1:100, the CdS nanorods were aggregated. The specific surface area decreased and the nano-effect disappeared. The fibers and ribbons were formed because of the rate of solvent evaporation as reported by Fong [15] . Further investigations on the nano-effect are in progress. Figure 3 shows SEM images of CdS/PVP electrospun structure under different concentrations of PVP as the weight ratio of CdS:PVP kept at 1:1000. At the PVP concentration of 8 wt%, HHS was the product with the diameters ranging from 500 nm to 5 µm. A combination of beaded fibers, bead-free fibers and ribbons was formed at the concentration of 10 wt%. At the concentration of 12 wt%, the beaded fibers and bead-free fibers were obtained. When the concentration was 14wt%, the bead-free fibers with large diameter were the only product. The change of the morphologies was caused by the effect of the PVP concentration. The higher the concentration of PVP, the higher the viscosity and the
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Nanoscience and Technology lower the surface tension of the solution. The high viscosity and low surface tension favored the formation of bead-free fibers. Figure 4 exhibits TEM images of CdS nanorods before electrospinning, the morphology of CdS after electrospinning and HHS. The CdS nanorods were aggregated after electrospinning, which were observed in the fibers (Fig. 4b) . And there were no CdS nanorods in HHS (Fig. 4c) . 
Conclusions
The CdS nanorods were dispersed into PVP solution to prepare the electrospun CdS/PVP fibers. UV/Vis spectra confirmed dispersion of CdS nanorods in the PVP fibers. It has been shown that the morphologies of the CdS/PVP fibers were strongly affected by the CdS amount and the PVP concentrations. At a lower CdS:PVP weight ratio of 1:1000, HHS was formed because of a kind of nano-effect. With the increase of CdS:PVP weight ratio, the CdS nanorods aggregated and the nano-effect disappeared so that fibers and ribbons were obtained. Holding the CdS:PVP constant, the morphology's change from HHS to bead-free fibers with the increase of the PVP concentrations is attributed to the effect of the viscosity and the surface tension of the solution.
